Proteins are often covalently trapped on DNA by DNA damaging agents, forming DNA-protein cross-links (DPCs). Results: T7 RNA polymerases back up by DPCs and generate extensive mutations upstream of DPCs. Conclusion: Backed up T7 RNA polymerases catalyze damage-independent highly error prone transcription. Significance: Transcriptional fidelity may differ significantly between smoothly traveling and roadblocked RNA polymerases.
SUMMARY
RNA polymerases (RNAPs) transcribe genes through the barrier of nucleoproteins and site-specific DNA binding proteins on their own or with the aid of accessory factors. Proteins are often covalently trapped on DNA by DNA damaging agents, forming DNA-protein cross-links (DPCs). However, little is known about how immobilized proteins affect transcription. To elucidate the effect of DPCs on transcription, we constructed DNA templates containing site-specific DPCs and performed in vitro transcription reactions using phage T7 RNAP. We show here that DPCs constitute strong but not absolute blocks to in vitro transcription catalyzed by T7 RNAP. More importantly, sequence analysis of transcripts shows that RNAPs roadblocked not only by DPCs but also by the stalled leading RNAP become highly error prone and generate mutations in the upstream intact template regions. This contrasts with the transcriptional mutations induced by conventional DNA lesions, which are delivered to the active site or its proximal position in RNAPs and cause direct misincorporation. Our data also indicate that the trailing RNAP stimulates forward translocation of the stalled leading RNAP, promoting the translesion bypass of DPCs. The present results provide new insights into the transcriptional fidelity and mutual interactions of RNAPs that encounter persistent roadblocks.
Chromosomal DNA is associated with various proteins involved in DNA folding and transaction. The association between DNA and proteins is reversible, and when prompted, proteins dissociate from or translocate along the DNA strand, leaving the open nucleotide sequence available for replication, transcription, and repair. However, it has been shown that many endogenous and environmental agents such as aldehydes, transition metals, ionizing radiation, and ultraviolet light induce DNA-protein cross-links (DPCs) 2 (1, 2) , where proteins are covalently trapped on DNA. Certain types of anticancer agents also produce DPCs (2, 3) . DPCs are unique among DNA lesions, since they are superbulky and are likely impose steric hindrances on proteins involved in DNA transactions. Indeed, DPCs site-specifically introduced into DNA templates completely arrest DNA polymerases in vitro (4, 5) , and those incorporated in plasmid DNA block replication in vivo (6) (7) (8) . With respect to repair, DPCs impair the loading of UvrB, a damage-recognition protein involved in bacterial nucleotide excision repair (NER), onto the DPC site in a DPC size-dependent manner (7) . The progression of the bacterial NER helicase (UvrD) is severely blocked when the DPC is present in the translocating strand (8) . In mammalian cells the upper size limit of cross-linked proteins (CLPs) amenable to NER is around 8 kDa, eliminating the role of NER in the repair of DPCs in vivo (9) . DPCs not amenable to NER are processed by homologous recombination in bacterial and mammalian cells (2, 7, 9, 10) . These data clearly demonstrate that DPCs impose steric hindrances on DNA polymerases and NER factors, impairing replication and repair.
Viral, prokaryotic, and eukaryotic RNA polymerases (RNAPs) have an ability to transcribe through nucleoproteins and site-specific DNA binding proteins, although the read-through efficiencies vary depending on the roadblocking proteins (11) . ATP-dependent chromatin remodeling complexes, histone chaperons, and covalent histone modifications promote the transcription through nucleosomes (12) . It has also been shown that the trailing RNAP stimulates forward translocation of the stalled leading RNAP through reversibly bound proteins (13, 14) , as well as through naturally occurring pausing sites (15, 16) . However, how RNAPs respond to proteins when they are covalently trapped on DNA remains elusive.
RNAPs open the downstream DNA duplex at the DNA entry site to generate a transcription bubble, in which the transcribed strand (TS) is delivered deep into the active site and used for nascent RNA synthesis, while the nontranscribed strand (NTS) is relatively exposed to the surface of RNAP (17) (18) (19) . The resolution of the crystal structure of yeast RNAP II revealed that conventional bulky lesions such as a cyclobutane pyrimidine dimer, a cisplatin intrastrand cross-link, and a monofunctional platinum adduct in the TS are delivered to the active site or its proximal position and then arrest transcription (20) (21) (22) . Conversely, DNA lesions in the NTS impose much less serious problems for transcription than do those in the TS (23, 24) . The open question is whether RNAPs respond to superbulky DPCs in the same manner as they do to conventional bulky lesions.
Here we have analyzed the effect of DPCs on in vitro transcription reactions by phage T7 RNAP. T7 RNAP is structurally unrelated to multisubunit RNAPs, but both share many functional characteristics in the initiation and elongation phases of transcription (25, 26) . These include the high processivity and pronounced stability of elongation complexes (11) , relatively high transcriptional fidelity (error rates of 10 -4 -10 -5 ) (27) (28) (29) , and the ability to read through DNA binding proteins, although the efficiencies vary (11) . We show here that DPCs in the TS are strong but not absolute blocks to T7 RNAP. Intriguingly, both T7 RNAP immediately stalled by DPCs and backed up trailing T7 RNAP generate extensive mutations upstream of DPCs in runoff transcripts, suggesting that roadblocks to the DNA entry site of T7 RNAP cause the rearrangement of the template/3' terminus of the nascent transcript in the active site, leading to template-independent error prone RNA synthesis. Our results also indicate that the trailing T7 RNAP stimulates forward translocation of the stalled leading RNAP, promoting the translesion bypass of DPCs.
EXPERIMENTAL PROCEDURES
DNA and Proteins--Oligonucleotides with normal compositions were purchased from Tsukuba Oligo Service. Preparation of 60-mer oligonucleotides containing oxanine and fluorescein (FLU) was reported previously (7, 9, 30, 31) . Proteins used for DPCs were platelet factor-4 (PLA), -endorphin (END), midkine (MID), histone H2A (H2A), and hNEIL1 glycosylase (NEI) (supplemental Table  1 ). Except for NEI, they were obtained from Peptide Institute or Roche Diagnostics. NEI was purified as reported previously (32) . T7 RNAP, RNase inhibitor, RNase T1, and restriction enzymes were purchased from New England BioLabs. DNA templates (130-mer) containing DPCs for T7 RNAP reactions were constructed using methods similar to those described previously (7, 9, 33, 34) . Briefly, the 60-mer oligonucleotide containing oxanine was incubated with a protein to form a crosslink between oxanine and a protein, and enzymatically ligated with a 70-mer fragment. The resulting 130-mer DNA was annealed to a complementary strand (Method I). Alternatively, the oligonucleotide was enzymatically ligated with a 70-mer fragment. The resulting 130-mer DNA was annealed to a complementary strand, and incubated with a protein to form a cross-link between oxanine and a protein (Method II). Substrates containing G (control) and FLU (model bulky damage) were prepared by Method II without cross-link reactions. Further details of substrate preparation and DNA sequences are shown in supplemental Fig. 1 . Analysis of DNA templates containing DPCs by denaturing-or SDS-PAGE confirmed that they were free of unmodified DNA.
Transcription Reactions--Typically, templates (15 fmol) were incubated with T7 RNAP (20 units, 150 fmol according to the supplier), RNase inhibitor (20 units), ATP, GTP, and CTP (500 M each), UTP (10 M), and [ - 32 P]UTP (370 kBq, 0.165 M) in a transcription buffer (20 l) containing 40 mM Tris-HCl (pH 7.9), 6 mM MgCl 2 , 2 mM spermidine, and 10 mM dithiothreitol at 37 °C for up to 20 min. After incubation, the sample was mixed with gel loading buffer containing 95% formamide, 20 mM EDTA, bromophenol blue, and 0.1% xylene cyanol, heated at 95 °C for 5 min, and separated by 12% denaturing polyacrylamide gel electrophoresis (PAGE). Prestained RNA size markers (BioDynamics Laboratory) were run alongside. Part of the reaction products obtained with the control G template (90 min reaction) was partially degraded by alkaline hydrolysis or RNase T1 to generate reference RNA sequence ladders. The radiolabeled transcripts were visualized and quantified using a Fuji BAS2000 Bio-imaging analyzer. The copy number of the transcripts was calculated by comparing the radioactivity of a runoff product with that of a known amount of [ -32 P]UTP spotted on the same gel. Sequence Analysis of Runoff Transcripts--The transcripts were prepared by 60 min-reactions using templates (15 fmol) and T7 RNAP (15 or 150 fmol) and separated by denaturing PAGE as described above for the transcription reactions. The band of runoff transcripts was excised from the gel, and runoff products were electroeluted from the gel, dialyzed against MilliQ water, and concentrated by evaporation. The RT-PCR of the runoff transcripts was performed using the Access RT-PCR system (Promega) and a PCR primer set (supplemental Table 2 ) as recommended by the supplier. The resulting amplified DNA was purified by a PCR purification kit (Qiagen), and ligated into the pGEM-T Easy vector (Promega). Competent E. coli DH5 cells were transformed with the vector, plated on LB agar plates containing ampicillin, and incubated overnight. Plasmids from colonies were isolated by the QIAprep spin miniprep kit (Qiagen) after colony cultivation. The sequencing reaction of the plasmid was performed using the BigDye Terminator cycle sequencing kit (Applied Biosystems) and a primer (supplemental Table  2 ), and the insert sequence was determined on the Applied Biosystems 3130xl sequencer.
EMSAs and Footprinting--For gel electrophoretic mobility shift assays (EMSAs), transcription reactions were performed with templates (15 fmol) and T7 RNAP (7.5-150 fmol) for up to 60 min as described above with all four nucleoside 5'-triphosphates (NTPs) alone or all four NTPs plus [ -32 P]UTP. After incubation, the sample was mixed with an equal volume of 50% sucrose and separated by 6% native PAGE at room temperature for 4 h. After drying the gel, the radioactivity in the gel was analyzed as described above. For footprint analysis with restriction enzymes, transcription reactions were performed with templates (15 fmol), T7 RNAP (150 fmol), and all four NTPs for 60 min. The reaction mixture was subsequently incubated with Hinf I, HpyCH4 III, or BsiHKA I (20 units each) at 37 °C for 20 min and separated by 6 or 8% native PAGE. The individual bands of DNA-RNAP complexes (visualized by radioactivity) were excised and DNA was electroeluted from the gel. The DNA was purified by a Centri-Sep spin column (Princeton Separations). The volume of the sample was reduced to 10 l on a centrifugation evaporator. Finally, the DNA was treated with proteinase K (20 g) at 37 °C for 60 min and separated by 12% denaturing PAGE.
DNA Polymerase Reactions--A 5' 32 P labeled-primer, which was complementary to the 1-20 nucleotide region downstream of the transcription start site, was annealed to single-stranded templates containing DPCs, FLU, and G in the TS (supplemental Fig. 1C ). The primer (7.5 fmol as template/primer) was extended by DNA polymerase I Klenow fragment deficient in 3'-5' exonuclease (0.01 unit, New England BioLabs) in the presence of four 2'-deoxynucleoside 5'-triphosphates (50 M each) at 37 °C for 60 min. The reaction products were separated by 12% denaturing PAGE. Table 1 ). The proteins were tethered to oxanine that was site-specifically introduced into DNA (7,9,30-32,34). Guanine and FLU (0.3 kDa, supplemental Fig. 1B) were also introduced as a control and a model for conventional bulky lesions, respectively. FLU is a good substrate of bacterial and mammalian NER (7, 9, 33) , which is a principal repair mechanism for conventional bulky lesions. Control templates are expected to yield runoff transcripts with a length of 103 nucleotides. The transcription reactions of T7 RNAP were performed under turnover conditions with an RNAP/template molar ratio = 10.
RESULTS

DPCs in TS Pose Strong but not Absolute Blocks to RNAP--To
With templates containing DPCs and FLU in the TS, PAGE analysis of reaction products revealed both abortive and runoff transcripts, indicating the stalling of RNAP by DPCs and FLU (Fig. 1A) . Comparison of major abortive transcripts with sequence ladders indicated that the stalling sites of RNAP were +61-+72 (proximal site) and +49-+55 (distal site), corresponding to 1-12 and 18-24 nucleotides upstream of DPCs, respectively (supplemental Fig. 2 ). The distal stalling site tended to spread toward the upstream region for larger CLPs, suggesting accumulation of backed up RNAPs. The amounts of runoff transcripts for TS damage increased proportionally with the reaction time ( (Fig. 1D) . The results shown in Fig. 1A ,C indicate that DPCs in the TS pose strong but not absolute blocks to T7 RNAP, allowing limited but significant lesion bypass even for large DPCs such as H2A and NEI. DPCs in the same templates were absolute blocks to DNA polymerase I Klenow fragment (supplemental Fig. 3 ). With templates containing DPCs and FLU in the NTS, no damage-dependent abortive transcripts were produced, though common weak abortive products were seen for all templates (Fig. 1B) . The formation of runoff transcripts was retarded only moderately by NTS-DPCs and FLU (Fig. 1C) . The number of copies of runoff transcripts at 20 min was virtually independent of the sizes of DPCs and 40-60% relative to that for the control template ( Fig. 1D ). Thus, DPCs in the NTS seem to pose weak transient kinetic barriers to T7 RNAP. We also found that the NTS was not essential for the translesion bypass of TS-DPCs, since 5-and 11-nucleotide gaps opposite DPCs or the elimination of a downstream NTS reduced the transcription through DPCs by at most 50% and did not abolish bypass (supplemental Fig. 4) .
RNAPs Backed up by DPCs Catalyze Highly Error Prone Transcription--We noticed that the lengths of runoff transcripts for large DPCs (H2A and NEI) in the TS were slightly shorter than those for G ( Fig. 1A and supplemental Fig. 2 ), which is indicative of deletions in bypassed products. There was no such indication with NTS-DPCs (Fig. 1B) . To obtain further insight into the nature of transcriptional errors associated with TS-DPCs, runoff transcripts with 60-min reactions (RNAP/template = 10) were isolated from the gel, converted to cDNA, and cloned by the transformation of an E. coli host. Forty sequences between 50 nucleotides upstream and 11 nucleotides downstream of DPCs were analyzed for individual TS-DPC templates (supplemental Fig. 5 ). In this analysis base changes at the damage site were not included in mutations, since DPCs and FLU are intrinsically noninstructive, as judged from their structures (supplemental Fig. 1B) and the observation that all nucleotides except for U were incorporated opposite DPCs and FLU (supplemental Table  3 ). Also, consecutive deletions, substitutions, or insertions were counted as one event. Surprisingly, TS-DPCs induced transcriptional errors very frequently so that 40-75% of runoff transcripts contained mutations (Table 1) . In contrast, the mutation rate for TS-FLU, a model for conventional bulky lesions, was only 2.5% (one flanking base substitution). No mutation was found for the control (G) template. The mutation spectra differed between large and small DPCs, with single and multiple nucleotide deletions being highly expressed for large DPCs (NEI, H2A, and MID, 60-69%) and base substitutions for small DPCs (END and PLA, 73-75%) ( Table 1 ). Insertions were rare for all DPCs ( 5%). The mutation spectra for large DPCs are consistent with the gel data that showed the shortening of runoff transcripts (supplemental Fig. 2 ). In untargeted base substitutions for DPC templates, A was incorporated most frequently (supplemental (Table 1) . Transcriptional mutations were distributed over the entire sequenced region ( Fig.  2A) . We tentatively divided the positions of mutations into two upstream areas and one downstream area: 50-26 nucleotides (U1) and 25-1 nucleotides (U2) upstream of DPCs, and 1-10 nucleotides (D1) downstream of DPCs ( Fig. 2A) . The statuses of DPC clearance by T7 RNAP are different in these areas. The mutations in upstream areas U1 and U2 points to that error prone transcription occurs before TS-DPCs are delivered to the active site or its proximal site in RNAP, and that roadblocked T7 RNAPs switch their mode of transcription from error free to error prone. Based on the footprint size of the T7 RNAP elongation complex (21-24 nucleotides) (35, 36) , we suspected that mutations in U2 and U1 were associated with an RNAP immediately stalled by DPCs and a backed up trailing RNAP, respectively. Those in D1 were likely to be associated with the floundering RNAP that was about to clear DPCs. To elucidate the association of stalled T7 RNAPs with mutations in U1 and U2, we analyzed the effect of the RNAP/template ratio on mutation induction. With PLA and END, the percentages of transcripts bearing mutations decreased when the RNAP/template ratio was changed from 10 to 1 (Fig. 2B ). More importantly, the pattern of mutation distribution changed significantly (Fig. 2C ). The area with most frequent mutations was immediately upstream of DPCs (U2) at RNAP/template = 1, whereas it shifted further upstream of DPC (U1) at RNAP/template = 10. This shift suggests an accumulation of a backed up trailing RNAP in U1 with increasing the amount of RNAP. A similar comparison was not possible for larger DPCs due to the low yield of runoff transcripts at RNAP/template = 1.
To further clarify the association between stalled T7 RNAPs and mutations, we analyzed the DNA-RNAP complex formed in the transcription reaction using EMSAs. In this analysis, transcription reactions were performed for 30 and 60 min with all four NTPs or all four NTPs plus [ -32 P]UTP. Figure 3A shows the typical EMSA data obtained for transcription with cold NTPs, where bands were detected by the 32 P label in DNA (see supplemental Fig. 1C ). Three complexes with distinct mobilities (mobility order: complex 1 > complex 2 > complex 3) were observed for both END and H2A, whereas only one complex (complex 1) was observed for G. Complexes 2 and 3 were not observed for END and H2A when the reactions were performed in the absence of NTPs (data not shown). Complex 1 that was commonly formed for G, END, and H2A in the absence of NTPs proved to be a promoter-RNAP complex by footprint analysis (see below). Transcription with cold NTPs plus [ -32 P]UTP to label nascent transcripts did not change the intensity or mobility of complexes 1-3 (data not shown), indicating that they are DNA-RNAP binary complexes that had lost nascent transcripts during sample preparation or electrophoresis. The absence of nascent transcripts in complexes 1-3 was further confirmed by RNase A treatment prior to EMSAs (data not shown). Thus, we concluded that complexes 1-3 are DNA-RNAP binary complexes with DNA:RNAP ratios of 1:1, 1:2, and 1:3, respectively. To map stalled T7 RNAPs on DNA, we performed the posttreatment of the transcription reaction mixture (G and END) with Hinf I, HpyCH4 III, or BsiHKA I, which have unique restriction sites in the promoter, U1, and U2, respectively (Fig. 3D) . Complex 1 for the control G template was sensitive to HpyCH4 III and BsiHKA I but not to Hinf I (Fig. 3B lanes  2-4) , indicating that it is a promoter-RNAP complex. However, similar restriction enzyme treatments for the END template did not reveal the precise positions of RNAPs, since the mobility of complexes was essentially invariant due to their large sizes (Fig. 3B lanes 5-8) . Only complex 1 migrated slightly faster upon treatment with HpyCH4 III (Fig. 3B lane 7) . We therefore isolated DNA from the respective gel bands (Fig. 3B right gel) , and analyzed the DNA by denaturing PAGE after proteinase K treatment. Complex 1 was sensitive to Hinf I and HpyCH4 III but not to BsiHKA I (Fig. 3C lanes  8, 11, and 14) , complex 2 was sensitive to Hinf I alone ( Fig. 3C lanes 9, 12, and 15 ), and complex 3 was not sensitive to any of the enzymes (Fig.  3C lanes 10, 13, and 16 ). These footprint data, together with the reported footprint size of T7 RNAP (35, 36) , indicated that T7 RNAP stalled at three distinct positions (Fig. 3D ): RNAP that was immediately stalled by DPCs and associated mutations in U2, trailing RNAP that was stalled by the leading RNAP and associated with mutations in U1, and the second trailing RNAP that was stalled by the first trailing RNAP in the promoter or its proximal region. Thus, T7 RNAPs roadblocked not only by DPCs but also by the stalled leading RNAP become error prone and induce transcriptional errors on the undamaged template. The Discussion provides more details on the correlation between mutations and stalled RNAPs.
Trailing RNAP Stimulates Forward Translocation of Stalled RNAP through DPCs--We also have examined how the trailing RNAP affects the DPC bypass of the stalled leading RNAP by titrating the amount of T7 RNAP. These experiments were prompted by previous findings that trailing E. coli RNAP and eukaryotic RNAP II stimulate forward translocation of stalled leading RNAPs through reversibly bound proteins (13, 14) and naturally occurring pausing sites (15, 16) . T7 RNAP transcription reactions were performed for 20 min as described above with varying amounts of RNAP. After incubation, the formation of DNA-RNAP complexes and the amount of runoff products were analyzed by EMSAs and denaturing PAGE, respectively. The EMSAs with DPC templates revealed that complexes 3, 2, and 1 were formed at RNAP/template ratios of 5, 2, and 1, respectively (Fig. 4A) , indicating that the stalled leading RNAP and the first trailing RNAP interact with each other at an RNAP/template ratio of 2. With FLU, only complex 1 was observed for RNAP/template ratios up to 20 (Fig. 4B) , indicating that the leading RNAP read through FLU before being caught up by the trailing RNAP. The amounts of runoff products for FLU and G increased linearly with the RNAP/template ratio (Fig. 4D) . However, those for DPCs increased in a biphasic manner (Fig. 4C) , with a very gentle increase with an RNAP/template ratio of 1, where the trailing RNAP was not engaged (Fig. 4A) , and a steep increase with an RNAP/template ratio of 2, where the trailing RNAP was engaged (Fig.  4A) . The biphasic increase of runoff transcripts strongly suggests that the encounter results in the trailing T7 RNAP promoting forward translocation of the stalled leading RNAP through DPCs. According to the slopes of two linear fitting curves in the absence and presence of the trailing RNAP, the trailing RNAP promotes the DPC bypass of the leading RNAP by factors of 7.3 (PLA), 5.2 (END), 17 (MID), and 7.1 (H2A).
DISCUSSION
Effects of DPCs on transcriptional bypass--In the present study we have shown that T7 RNAP can transcribe through proteins that are covalently trapped on the TS, although the read-through efficiency decreases significantly for larger CLPs (Fig. 1D) . This property contrasts with that of DNA polymerase I Klenow fragment, which was completely arrested even by the smallest CLPs (1.6 kDa) (supplemental Fig. 3) . The yield of runoff products directly correlates with the read-through (or bypass) efficiency for a lesion under single turnover reaction conditions. However, under multiple turnover reaction conditions such as used in the present study, the yield would be determined not only by the read-through efficiency but also by the transcriptional turnover of RNAPs. In the present study the number of copies of runoff products was 7.4 (G), 2.7 (FLU), 1.1 (PLA), 0.66 (END), 0.30 (MID), 0.35 (H2A), and 0.35 (NEI) (Fig. 1D) . Given that the stalled elongation T7 RNAP complex is stable, the values for DPC templates ( 1.1) suggest that the RNAP initially loaded onto DNA (but not the subsequently loaded trailing RNAP) gave rise to the observed runoff products. Thus, the reaction with TS-DPC templates essentially turns out to be a single turnover reaction in the present study. Accordingly, the yield of runoff products approximately correlates with the read-through efficiency of T7 RNAP for DPCs. It is unlikely that larger CLPs acted as steric hindrance to reduce the access to the promoter by T7 RNAP, since the same CLPs on the NTS did not reduce the yield of runoff products relative to smaller CLPs (Fig. 1D) .
Small and Large DPCs Differentially Induce Transcriptional Errors--Interestingly, T7 RNAPs backed up by DPCs become highly error prone and generate upstream mutations that are not directed by template damage ( Fig.  2A) .
At an RNAP/template ratio = 10, mutations for large DPCs (MID, H2A, and NEI) were mostly associated with the leading RNAP ( 77%) rather than with the trailing RNAP when relative mutation distributions in U1 and U2 were compared (Table 2 ). In this study mutations were determined using the runoff transcripts produced after 60 min of incubation. The copies of runoff transcripts formed in the reactions were estimated to be around 3 (PLA), 2 (END), and 1 (MID, H2A, and NEI) by extrapolating the 20 min-incubation data in Fig.  1D . According to the figure for large DPCs (MID, H2A, and NEI), the leading, but not trailing, T7 RNAP will be involved in the formation of runoff transcripts used for sequencing. As a result, mutations associated with the leading RNAP were dominantly expressed in U2 (and D1) for large DPCs ( Fig.  2A and Table 2 ). In contrast, both leading and trailing T7 RNAPs will be involved in the formation of runoff transcripts for small DPCs (PLA and END). Consistent with this, mutations for PLA were distributed both in U1 and U2 ( Fig.  2A and Table 2 ). Those for END were also expressed in U1 and, to a lesser extent, in U2. It is likely that the stalled leading T7 RNAP acted like a DPC, forcing the trailing RNAP to induce transcriptional errors in U1. The change in mutation distributions with the amount of T7 RNAP supports this mechanism (Fig. 2C) . The mismatched 3' terminus of the nascent strand resulting from the transcriptional errors of the trailing RNAP were readily extendable so that no significant abortive transcripts were observed in U1 (Fig. 1A, 23-47 nucleotides from the transcription start site). The weak mutation expression in U2/D1 for PLA and END relative to that for large DPCs under the same conditions ( Fig. 2A) also suggests that T7 RNAP stalls but can continue to transcribe through small DPCs before generating extensive transcriptional errors (except for at the damage site). As observed with FLU, mutations by conventional bulky lesions are generally targeted to damage or flanking sites. Thus, mutation induction in the remote upstream or downstream regions is characteristic of superbulky DPCs. (27) (28) (29) . According to the mutations scored for runoff transcripts (supplemental Fig. 5) , the error rate of T7 RNAP with TS-DPC templates was 0.82 10 -2 -2.0 10 -2 (Table 2) , which was 20-to 50-fold greater than the intrinsic error rate of T7 RNAP (<4.2 10 -4 , Table 2 ). The error rate with FLU was 4.2 10 -4 (a single flanking mutation). As with multisubunit RNAPs, the T7 RNAP elongation complex is highly processive, and the stalled elongation complex is stable (11) . Thus, T7 RNAP attempts to continue synthesis even when stalled by DPCs or the leading RNAP. T7 RNAP cannot remove an incorrect nucleotide once it is incorporated into nascent transcripts, since T7 RNAP has no associated proofreading activity (27) .
With large DPCs (MID, H2A, and NEI), deletions of three or four consecutive nucleotides were highly expressed in U2 and D1 ( Fig. 2A and Table 1 ), which were associated with stalling and floundering T7 RNAPs by DPCs, respectively. Such deletions can result from the extension of a 3' terminus of the nascent transcript on a scrunched (or looped out) template. Although it has not been demonstrated for the elongation complex, the initiation complexes of T7 as well as multisubunit RNAPs scrunch the downstream template DNA in the early stage of transcription initiation (37) (38) (39) (40) . If template scrunching occurs in the stalling or floundering T7 RNAP elongation complex due to DPCs, multinucleotide deletions could be generated. It has also been demonstrated that T7 RNAP can transcribe DNA containing gaps from one to five nucleotides in the TS, resulting in transcripts with the corresponding deletions (41) . Further studies are necessary to clarify whether a gross rearrangement of the template/3' terminus of the nascent transcript like template scrunching accounts for the observed deletions. With small DPCs (PLA and END), single base substitutions were highly expressed in U1, which was associated with the roadblocked trailing T7 RNAP ( Fig. 2A and Table 1 ). This suggests that unlike a bump to large DPCs, that to the stalled T7 RNAP has a localized and relatively minor structural impact on the template/3' terminus of the nascent transcript. Single base substitutions on an undamaged template can result from either misincorporation or misalignment. In misincorporation, a noncomplementary nucleotide is incorporated and the resulting mismatched 3' terminus of the nascent transcript is extended directly. In misalignment, a complementary nucleotide is incorporated opposite a two-nucleotide downstream template base on a looped out template. This is followed by realignment of the template/3' terminus of the nascent transcript and the extension of the mismatched terminus. Consecutive incorporation of two identical nucleotides is the hallmark of the misalignment, since the two-nucleotide downstream template base is used twice for the extension of the 3' terminus. A recent study showed that T7 RNAP preferentially generates single base substitutions by misalignment (42) .
However, the low expression of homo-dinucleotide sequences in the mutations of U1 (supplemental Fig. 5) indicates that misincorporation, rather than misalignment, is the dominant mechanism for base substitutions associated with the roadblocked trailing T7 RNAP. Thus, the mechanisms of single base substitutions differ between smoothly traveling and roadblocked trailing T7 RNAPs.
The exact mechanisms remain elusive by which the T7 RNAP stalled by large DPCs preferentially generates multinucleotide deletions (perhaps template scrunching), whereas the trailing T7 RNAP stalled by the leading RNAP preferentially generates single base substitutions (misincorporation). Concerning the latter, it has been reported that stalling of E. coli RNAP close enough to block the trailing RNAP at the promoter results in the synthesis of a short abortive six-nucleotide RNA bearing noncomplementary nucleotides at positions 5 and 6, probably due to the slippage of nascent transcripts on the template (43) . Although mutations associated with the trailing T7 RNAP in the present study are related to the elongation complex and the mechanism of mutation is likely to be misincorporation, it is tempting to speculate that the trailing RNAP roadblocked by the leading RNAP becomes error prone and generates mutated transcripts regardless of the subunit structure (single versus multi) and the stage of transcription (initiation versus elongation).
Stimulation of DPC Bypass by the Trailing
RNAP--Nucleoproteins and site-specific DNA binding proteins impose substantial barriers to the transcription elongation of RNAPs (11) . For nucleosomes, several mechanisms such as chromatin remodeling and histone modifications ease the barriers to RNAPs (12) . Together with the mechanisms, it has been proposed that bacterial and eukaryotic RNAPs cooperate during elongation so that the trailing RNAP assists in the transcription of the leading RNAP through reversibly bound proteins and pausing sites by reducing the backtracking of the stalled/paused leading RNAPs (13) (14) (15) (16) . In the present study we found that a similar cooperation was in effect in the transcription through covalently bound proteins by T7 RNAP (Fig. 4C) . The cooperation of T7 RNAPs enhanced transcription through DPCs by factors of 5.2-17. The cooperation of E. coli RNAPs stimulates the transcription through a reversibly bound nucleosome to a similar extent (5-fold) (14) . Interactions between trailing and leading RNAPs may generate bias in Brownian motion for the leading RNAP toward the forward direction, so that the 3' terminus of the nascent transcript can remain registered in its active site (16, 44) . The cooperation of T7 RNAPs in the transcriptional bypass of DPCs is somewhat unexpected, since the collision between T7 RNAPs was reported to result in the paused leading RNAP falling off the DNA (45) . Thus, the fates of simply paused T7 RNAP and T7 RNAP stalled by DPCs may be different upon bumping by a trailing RNAP. The cooperation of RNAPs at reversibly bound proteins or pausing sites contribute to the efficient synthesis of full-length transcripts that are essential for cell viability and proliferation. It remains to be elucidated whether prokaryotic and eukaryotic multisubunit RNAPs can bypass DPCs and induce untargeted transcriptional mutations upon backing up. If this is the case, the resulting transcripts will potentially carry mutations that exert adverse effects on cells.
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RNAPs.
A, EMSA analysis of DNA-RNAP complexes formed with the control (G) and TS-DPCs (END or H2A) templates. Transcription reactions were performed with the indicated templates (15 fmol), T7 RNAP (150 fmol), and all four NTPs as described in Fig. 1A for 30 and 60 min. After incubation, complexes were separated by native PAGE. Bands were detected by the 32 P label in template DNA. B, Sensitivity of DNA-RNAP complexes to restriction enzymes. Transcription reactions were performed with the G and TS-END templates as in panel A for 60 min. Subsequently the reaction mixture was incubated with the indicated restriction enzyme (Hinf I (Hin), HpyCH4 III (Hpy), or BsiHKA I (Bsi)) and separated by native PAGE. C, Analysis of restriction fragments retained in DNA-RNAP complexes. The individual bands of DNA-RNAP complexes in panel B for END were excised and DNA was electroeluted from the gel. The DNA was treated with proteinase K and separated by denaturing PAGE. Referencing restriction fragments were generated by the treatment of the G template with Hin, Hpy, and Bsi (lanes 2-4, see also panel D). D, Positions of stalled T7 RNAPs (green) in complexes 1-3 for DPC templates and complex 1 for the G template. Restriction sites, DPCs, mutation areas, and the T7 promoter are indicated by black, red, white, and gray boxes, respectively. The sizes of restriction fragments bearing 5'-32 P labels (asterisks) are also shown to clarify the correspondence to the data in panel C. 
TABLE 1 Mutations of runoff transcripts induced by DPCs and FLU
Runoff transcripts with 60-min reactions (RNAP/template = 10) were isolated, converted to cDNA, and cloned. The sequences of runoff transcripts with TS damage (supplemental Fig. 5 ) and NTS damage (sequence data not shown) were analyzed for mutants and mutation spectra. ------------------------------------------------------------------------ ------------------------------------------------------------------------ 
-------------------------------------------------------------------------
TABLE 2 Transcriptional error rates and distributions of T7 RNAPs
Error rates per transcribed nucleotide were calculated from supplemental Fig. 5 (positions from -50 to +11). Relative error distribution in U1 and U2 (%) were calculated from Fig. 2A .
--------------------------------------------------------------------------
Relative Error Distribution in U1 and U2 (%) Template
Error Rate a -----------------------------------------U1 (Trailing RNAP) U2 (Leading RNAP ) ------------------------------------------------------------------------- 
a Base changes at the DPC or FLU site were not included in mutations. Consecutive deletions, substitutions, or insertions were counted as one event. Transcription reactions were performed with RNAP/template = 10. b Data for one event.
TABLE 3 Summary of the effects of TS-DPCs and bulky damage (FLU) on transcription
The relative strength of transcriptional block were ranked from the data in Fig. 1D . The relative frequencies of transcriptional error of RNAP were ranked from the data for U2 and D1 (leading) and U1 (trailing) in Fig. 2A , and those in supplemental Table 3 (damage site) . ----------------------------------------------------------------------- ----------------------------------------------------------------------- ------------------------------------------------------------------------a The rank deduced from the data for small DPCs.
